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We have performed terahertz time-domain magnetospectroscopy by combining a rapid scanning
terahertz time-domain spectrometer based on the electronically coupled optical sampling method
with a table-top mini-coil pulsed magnet capable of producing magnetic fields up to 30 T. We
demonstrate the capability of this system by measuring coherent cyclotron resonance oscillations in
a high-mobility two-dimensional electron gas in GaAs and interference-induced terahertz transmit-
tance modifications in a magnetoplasma in lightly doped n-InSb.
I. INTRODUCTION
There are a number of low-energy excitations, both of
spin and orbital origins, in solids placed in strong mag-
netic fields.1–4 These excitations, typically occurring in
the terahertz (THz) frequency range, are ideally suited
for fundamental studies of quantum coherent dynamics of
non-equilibrium many-body states as well as for emerg-
ing quantum technologies such as spintronics.5 However,
there has been only limited success in combining THz
time-domain spectroscopy (THz-TDS) techniques with
high magnetic fields.6–15 In particular, combining THz-
TDS with a pulsed magnet remains to be a significant
technical challenge,9,13,15 while magnetic fields stronger
than 45 T can be generated only in pulsed form.16
The traditional method for measuring a THz time-
domain waveform generated using ultrashort laser pulses
includes using a pump-probe scheme where one laser
beam passes a beam splitter to make two synchronized
pulses from one source. One of the pulses, the pump, is
used to generate a THz pulse with duration on the order
of picoseconds and the other pulse is used to probe the
THz electric field at a given time delay after the THz
radiation interacts with the sample. This method tradi-
tionally incorporates a mechanical translation stage and
retroreflector mirrors to control the relative timing be-
tween the probe pulse and the THz radiation. Efficient
alternatives to step-scan delay stage techniques for ul-
trafast time-resolved spectroscopy include asynchronous
optical sampling (ASOPS)17 and electronically controlled
optical sampling (ECOPS).18 These methods use two ul-
trafast lasers with a repetition rate offset, ∆f , between
a master laser (with repetition rate, fRef) and a slave
laser (with repetition rate, fRef ± ∆f) so that for each
pair of pulses exiting the lasers, the relative timing of
the pulses changes. In the ASOPS technique, the two
lasers have a fixed repetition rate offset such that one
of the laser’s pulses ‘catch up’ with the other’s after a
measurement time of 1/∆f . The full range of time delay
for an ASOPS setup is 1/fRef with time delay resolution
of ∆f/f2Ref . For example, with a master repetition rate
of 100 MHz and a repetition rate offset of 1 kHz, 10 ns
of pump-probe time delay can be scanned in 1 ms with
time delay resolution of 100 fs. The ECOPS technique
modulates the repetition rate offset such that the time
delay of the probe pulses relative to the pump pulses
is modulated in a small time delay region around the
time zero point. For time-resolved measurements such as
THz-TDS, where the only interesting features occur in a
small time range compared to the full range, 1/fRef, the
ECOPS method makes more efficient use of measurement
time.
Recently, we have developed a 30 T mini-coil
pulsed magnet specifically for nonlinear and/or ultrafast
spectroscopy.19 Our magneto-optical system combines
the following experimental conditions: sample tempera-
tures down to ∼10 K, magnetic fields up to 30 T, and di-
rect optical access via windows on either side of the dual
cryostat system. Previous work combining THz-TDS
with high magnetic fields (above the strength achieved
with commercially available magnets with direct optical
access) include inserting fiber coupled emitters and de-
tectors into the bore of a direct current (DC) supercon-
ducting magnet9 or into the cryostat of a large capacitor
bank driven pulsed magnet;13 they used a mechanical
translation stage and a rotating delay line, respectively.
Other related work includes using a smaller, lower mag-
netic field capability (up to 6 T) pulsed magnet, where
the THz time-domain waveform is measured utilizing a
step-scan method with a mechanical translation stage;
the magnetic field dependence of the THz electric field is
recorded for each time delay, and after a series of mag-
netic field pulses, each with different probe time delay,
the waveforms can be recorded.15 In the present work,
we couple an ECOPS-based THz-TDS spectrometer with
our pulsed magnet via free-space optics to efficiently per-
form THz-TDS measurements at the peak of the mag-
netic field.
2FIG. 1: Optical setup. The magnet is incorporated into
a transmission THz-TDS optical path under a dry nitrogen
purged environment. The THz emitter and detector are cou-
pled to the dual-laser system via optical fibers and electrical
wires. Two wire-grid polarizers are located before and after
the magnet with parallel transmission axis.
II. METHODS
The commercial ECOPS-based THz-TDS spectrome-
ter (Advantest Corporation, TAS7500TS) that we used
for our measurements incorporates a photoconductive an-
tenna THz emitter and detector coupled with dual ultra-
short pulse fiber lasers, which have a center wavelength
of 1.55 µm, via optical fibers and electrical wires that are
housed in a mountable modules with silicon lenses. For
our measurements, we incorporated the emitter and de-
tector modules into a transmission geometry beam path,
where one off-axis parabolic mirror collimates the THz
radiation from the emitter, the next focuses it through
our magnet system, the next re-collimates it, and, finally,
the last focuses it onto the detector (see Fig. 1).
Two wire-grid polarizers with parallel transmission
axis were used to ensure that we were measuring the re-
sponse of linearly polarized THz radiation through our
samples. Relative to our previous measurements19 using
the mini-coil pulsed magnet, we increased the numerical
aperture from the helium-flow cryostat side to 0.06 by
increasing the size of the tapped hole on the helium-flow
cryostat’s cold finger, screwing a copper pipe cold fin-
ger extension to the cryostat’s cold finger, and securing
a shorter sapphire pipe to this extension. This modifica-
tion allowed us to increase the amount of THz radiation
that transmits through the coupled cryostats.
We synchronized the generation of the magnetic field
pulse relative to the readout of THz waveform by delay-
ing the start of the magnetic field pulse by 6 ms with
respect to an external trigger signal that occurs during
a forward-sweeping THz waveform readout. The master
laser of the THz spectrometer had a nominal repetition
rate of 50 MHz. The repetition rate of the slave laser was
modulated with respect to the master laser’s repetition
rate such that two consecution forward sweeping readouts
of the THz waveform were separated by 8 ms with a back-
ward sweeping readout in between (see Fig. 2). Because
the time between the start and peak of the magnetic field
was 2 ms, a forward-sweeping THz waveform readout oc-
curred during the time of the peak magnetic field. We
triggered the oscilloscope (Tektronix, DPO 7254) on the
second waveform trigger signal after the bank/external
trigger. The inset of Fig. 2 shows an expanded view of
the THz waveform signal for a single readout sweep at
the peak of the magnetic field where the magnetic field
strength is relatively constant, less than 1%, between the
main pulse and the reflected pulse of the back of the
sample. Because the emitter and detector were housed
in packaged modules and the full waveform of THz signal
from the ECOPS-based spectrometer could be monitored
in real time, maximizing the THz radiation through THz
beam path and through the coupled cryostats was simple
and straightforward.
III. RESULTS
A. Coherent Cyclotron Resonance Oscillations in a
Two-Dimensional Electron Gas
We measured coherent cyclotron resonance (CCR) os-
cillations in a two-dimensional electron gas (2DEG) sam-
ple with a 4.2-Kmobility of 2.2× 106 cm2/Vs and density
of ∼3 × 1011 cm−2, similar to those studied in previous
measurements utilizing a commercial 10-T DC supercon-
ducting magnet.10,12,14 Figure 3a shows the THz time-
domain waveform at 2 T after 64 averages and 0 T after
256 averages. Subtracting the 0 T result from the 2 T
result reveals CCR oscillations clearly visible in the time
domain. The CCR oscillations take the functional form
of an exponentially decaying sine wave,
CR(t) = Ae−t/τCR sin(ωct+ φ0), (1)
where A is the amplitude, τCR is the CR decay time, ωc
= eB/m∗ is the cyclotron frequency, e is the electron
charge, B is the magnetic field, m∗ is the effective mass
of the electrons, and φ0 is the phase offset. Figure 3b
shows the CCR oscillations for magnetic field strengths
of 1 T, 1.5 T, 2 T, and 2.5 T along with the fitting results
from Eq. (1). The results for the frequency, νc = ωc/2pi,
are 0.42 THz, 0.63 THz, 0.82 THz, and 1.03 THz, respec-
tively, which, after fitting νc vs. B with a straight line,
yield an effective mass, m∗ = 0.068m0, where m0 is the
free electron mass. The results for the CR decay time,
τCR, are 7.5 ps, 6.4 ps, 6.0 ps, and 5.3 ps, respectively.
By taking the ratio of the Fourier transforms of the
time-domain data for the transmitted THz electric field
at finite B and B = 0, we can calculate the complex
conductivity, σ˜(ν,B), of the 2DEG. The equation for the
32.5
2.0
1.5
1.0
0.5
0.0
M
ag
ne
tic
 F
ie
ld
 (T
)
100-10
Measurement Time (ms)
5
4
3
2
1
0
Bank/External Trigger & 
W
aveform
 Trigger
 (Volts)
0.10
0.05
0.00
-0.05
-0.10
TH
z 
El
ec
tri
c 
Fi
el
d 
(a.
u.)
2.60
2.55
2.50
2.45
2.40
M
ag
ne
tic
 
Fi
el
d 
(T
)
2001000
Measurement Time (µs)
0.1
0.0
-0.1TH
z 
El
ec
tri
c
Fi
el
d 
(a.
u.)
FIG. 2: Synchronization timing scheme. The THz spectrometer sends a trigger signal to the magnet control unit. The
generation of the magnetic field is delayed 6 ms such that the next forward sweeping THz waveform readout occurs at the
peak of the magnetic field. The inset shows the data quality for the THz waveform signal for a single sweep at the peak of the
magnetic field where the magnetic field variation is less than 1%.
ratio of the Fourier transforms in the thin-film approxi-
mation is20
E˜(ν,B)
E˜(ν,B = 0)
=
1+n
Z0
1+n
Z0
+ σ˜(ν,B)
, (2)
where E˜(ν,B) is the complex THz electric field in the
frequency domain transmitted through the sample at fi-
nite B, E˜(ν,B = 0) is the complex electric field in the
frequency domain transmitted through the sample at
B = 0, n is the index of refraction for the GaAs substrate,
and Z0 = 377 Ω is the impedance of free space. Note that
σ˜(ν, 0) ≈ 0 in the THz frequency range for high-mobility
2DEGs. The calculated results for the real and imaginary
parts of the complex conductivity are shown in Figure 3c
and 3d, respectively.
B. Interference-induced effects in an n-InSb
semiconductor magnetoplasma
We measured the transmittance of bulk n-InSb with
a density of 3.5 × 1014 cm−3, similar to previous mea-
surements with a commercial 10-T DC superconduct-
ing magnet.11 This sample has a plasma frequency of
∼0.3 THz at 0 T and a cyclotron frequency of ∼2 THz
at 1 T. In the presence of a magnetic field, the plasma
edge splits into two, one for electron-CR-active (CRA)
and the other for electron-CR-inactive (CRI) circular po-
larizations. A linearly polarized THz beam incident onto
the sample is a 50%-50% mixture of CRA and CRI polar-
ized waves, which, upon entering into the crystal, prop-
agate at different, B-dependent phase velocities. Thus,
after propagating through the entire sample, they have
different phases, resulting in complicated B-dependent
interference patters in transmittance spectra, which can
be simulated through a classical magnetoplasma model.11
Figure 4a shows the THz time-domain waveform trans-
mitted through the sample at various magnetic fields and
41 K to be compared to the reference waveform taken
transmitting through the cryostats without a sample.
The time delay of the reference has been offset relative
to the other traces as it would arrive at an earlier time
because of the index of refraction of the sample. For
each increasing magnetic field strength, the time-domain
waveform dramatically changes until the 2 T strength,
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FIG. 3: Coherent cyclotron resonance (CCR) observed for a two-dimensional electron gas in GaAs. (a) Example of time-domain
THz waveforms taken after 64 averages at 2 T and 256 averages at 0 T. The difference reveals CCR oscillations. (b) CCR
oscillation data with an exponentially damped sine wave fit at various magnetic fields. (c) The real part and (d) imaginary
part of the conductivity at various magnetic fields. The sample temperature was ∼10.5 K.
where it resembles the shape of the reference waveform.
The transmittance of the InSb sample can be obtained
by taking the Fourier transform of the time-domain wave-
form at various magnetic fields in the time period around
the main pulse and dividing by the Fourier transform
of the reference. Figure 4b shows the experimental re-
sults for the transmittance spectra to be compared with
the simulated transmittance spectra, Figure 4c, obtained
using the method outlined in Reference 11. The trans-
mittance of the magnetoplasma sensitively changes with
increasing magnetic field and the main features of the
transmittance, peaks, plateaus, and valleys, are repro-
duced by the simulations.
IV. CONCLUSION
We have demonstrated the ability to perform THz
time-domain magneto-spectroscopy at the peak of the
generated magnetic field using our mini-coil pulsed mag-
net capable of producing magnetic field strengths of 30 T
in a straightforward manner utilizing the ECOPS ap-
proach to ultrafast spectroscopy. As an example, we
observed coherent cyclotron resonance oscillations in a
high-mobility two-dimensional electron gas in GaAs and
interference-induced terahertz transmittance modifica-
tions in a magnetoplasma in lightly doped n-InSb. Po-
tentially, one could maximize the efficiency of these types
of measurements to capture the full magnetic field de-
pendence from 0 to 30 T by utilizing a very high-speed
ASOPS based THz-TDS spectrometer,21 where on the
order of 100 THz waveforms could be recorded during
the magnetic field pulse instead of only at the peak of the
field with little magnetic field variation for each waveform
readout. With such a setup, one could extremely effi-
ciently obtain the THz response of a sample as a function
of magnetic field in one magnetic field shot. Depending
on the signal-to-noise ratio of each THz waveform read-
out, multiple magnet shots may be required to average
the signal to provide high-quality two-dimensional image
maps of, for example, transmittance as a function of THz
frequency vs. magnetic field.
53.0
2.5
2.0
1.5
1.0
0.5
0.0
Tr
an
sm
itt
an
ce
2.01.51.00.5
Frequency (THz)
0 T
0.256 T
0.536 T
1.015 T
1.525 T
2.000 T0
0.15
0.30
0.45
0.60
0.75
1.00
TH
z 
El
ec
tri
c 
Fi
el
d 
(a.
u.)
6420-2
Time (ps)
Reference
0 T
0.256 T
0.536 T
1.015 T
1.525 T
2.000 T
(a) (b) 3.0
2.5
2.0
1.5
1.0
0.5
0.0
Tr
an
sm
itt
an
ce
2.01.51.00.5
Frequency (THz)
0 T
0.256 T
0.536 T
1.015 T
1.525 T
2.000 T
(c)
FIG. 4: (a) Transmitted time-domain waveform after 64 averages through n-InSb at various magnetic fields at 41 K and
the reference aperture waveform after 256 averages. (b) Measured and (c) simulated transmittance of THz radiation though
n-InSb as a function of frequency at various magnetic fields at 41 K.
Acknowledgements
This work was supported by the National Science
Foundation through Grants No. DMR-1006663 and
No. OISE-0968405. We thank John Reno at Sandia
National Laboratories and CINT for providing us with
the high-mobility 2DEG sample, Scott Crooker at Los
Alamos National Laboratory for the provision of the
InSb sample, Alexey Belyanin for the computer program
used to simulate the transmittance spectra for InSb, and
Trevor Smith for his assistance in performing preliminary
measurements.
∗ kono@rice.edu; corresponding author.
1 A. Petrou and B. D. McCombe, in Landau Level Spec-
troscopy, Volume 27.2 of Modern Problems in Condensed
Matter Sciences, edited by G. Landwehr and E. I. Rashba
(Elsevier Science, Amsterdam, 1991), pp. 679–775.
2 G. Boebinger, A. Lacerda, Z. Fisk, L. P. Gor’kov, and
J. R. Schrieffer, eds., Physical Phenomena at High Mag-
netic Fields IV (World Scientific Pub. Co., Singapore,
2001).
3 J. Kono and N. Miura, in High Magnetic Fields: Sci-
ence and Technology, Volume III, edited by N. Miura and
F. Herlach (World Scientific, Singapore, 2006), pp. 61–90,
ISBN 981-02-4966-7.
4 N. Miura, Physics of Semiconductors in High Magnetic
Fields (Oxford University Press, Oxford, 2007).
5 J. Kono, Nat. Photon. 5, 5 (2011).
6 D. Some and A. V. Nurmikko, Appl. Phys. Lett. 65, 3377
(1994).
7 P. G. Huggard, J. A. Cluff, C. J. Shaw, S. R. Andrews,
E. H. Linfield, and D. A. Ritchie, Appl. Phys. Lett. 71,
2647 (1997).
8 J. Kono, A. H. Chin, A. P. Mitchell, T. Takahashi, and
H. Akiyama, Appl. Phys. Lett. 75, 1119 (1999).
9 S. A. Crooker, Rev. Sci. Instrum. 73, 3258 (2002).
10 X. Wang, D. J. Hilton, L. Ren, D. M. Mittleman, J. Kono,
and J. L. Reno, Opt. Lett. 32, 1845 (2007).
11 X. Wang, A. A. Belyanin, S. A. Crooker, D. M. Mittleman,
and J. Kono, Nat. Phys. 6, 126 (2010).
12 X. Wang, D. J. Hilton, J. L. Reno, D. M. Mittleman, and
J. Kono, Opt. Exp. 18, 12354 (2010).
13 D. Molter, F. Ellrich, T. Weinland, S. George, M. Goiran,
F. Keilmann, R. Beigang, and J. Le´otin, Opt. Exp. 18,
26163 (2010).
14 T. Arikawa, X. Wang, D. J. Hilton, J. L. Reno, W. Pan,
and J. Kono, Phys. Rev. B 84, 241307(R) (2011).
15 D. Molter, G. Torosyan, G. Ballon, L. Drigo, R. Beigang,
6and J. Le´otin, Opt. Exp. 20, 5993 (2012).
16 N. Miura and F. Herlach, in Strong and Ultrastrong Mag-
netic Fields and Their Applications, edited by F. Her-
lach (Springer, Berlin, 1985), vol. 57 of Topics in Applied
Physics, pp. 247–350.
17 P. A. Elzinga, R. J. Kneisler, F. E. Lytle, Y. Jiang, G. B.
King, and N. M. Laurendeau, Appl. Opt. 26, 4303 (1987).
18 Y. Kim and D.-S. Yee, Opt. Lett. 35, 3715 (2010).
19 G. T. Noe II, H. Nojiri, J. Lee, G. L. Woods, J. Le´otin,
and J. Kono, Rev. Sci. Instrum. 84, 123906 (2013).
20 M. C. Nuss and J. Orenstein, in Millimeter and Submil-
limeter Wave Spectroscopy of Solids, edited by G. Gru¨ner
(Springer-Verlag, Berlin, 1998), chap. 2, pp. 7–50.
21 A. Bartels, R. Cerna, C. Kistner, A. Thoma, F. Hudert,
C. Janke, and T. Dekorsy, Rev. Sci. Instrum. 78, 035107
(2007).
